1. Introduction
===============

In colorectal carcinoma (CRC), combination therapy using surgery, chemotherapy, monoclonal antibodies as well as radiotherapy are in common practice. However, novel emerging therapeutic and bio-imaging approaches are needed and expected to improve CRC diagnosis and treatment in order to personalize the targeted therapy with epidermal growth factor receptors (EGFR) monoclonal antibodies in BRAF-mutant metastatic patients \[[@b1-ijms-14-14669]\]. An important characteristic of the diagnosis of CRC is differential high expression of EGFR, proposing these receptors as attractive targets for cancer diagnosis and treatment \[[@b2-ijms-14-14669]\]. EGFR and its oncogenic forms such as HER-2/Erb-2 are frequently overexpressed in a variety of carcinoma tumors including CRC \[[@b3-ijms-14-14669]\]. As a result, Cetuximab and Panitumumab, monoclonal antibody biological drugs, which block binding of EGF and transforming growth factor alpha (TGF-α) to EGFR have been frequently used in chemotherapy resistant CRC patients \[[@b1-ijms-14-14669],[@b4-ijms-14-14669]\].

Recent studies have established the use of indocyanine green near infrared (NIR) dye for lymph node mapping in patients with cervical carcinoma \[[@b5-ijms-14-14669],[@b6-ijms-14-14669]\]. It has also been used during intraoperative NIR imaging of breast carcinoma \[[@b7-ijms-14-14669]\]. Since the interaction of indocyanine green with the tumor does not involve binding to a specific tumor marker and provides a high signal/background ratio (SBR), its use is of limited application in the diagnostic and intraoperative manipulations of CRC. In recent years, we \[[@b8-ijms-14-14669]\] and others \[[@b9-ijms-14-14669],[@b10-ijms-14-14669]\] described a novel NIR bio-imaging approach for CRC models using EGF-NIR which binds and visualize the heterogeneous expression of EGFR in CRC preclinical human tumor cell lines and clinical tissues \[[@b8-ijms-14-14669]\].

Human tumor derived cell lines serve as basic preclinical models to study the biology of tumors, to investigate the therapeutic effects of anticancer drugs and for novel diagnostic purposes \[[@b11-ijms-14-14669],[@b12-ijms-14-14669]\]. However, the high heterogeneity of tumors is only partially represented by a single cell line and therefore a panel of cell lines derived from the same tumor would be more likely to reflect its properties \[[@b12-ijms-14-14669]\]. The National Cancer Institute (NIH) carefully characterized a large series of human cancer cell lines and established that 6--9 cell lines per tumor type (NCI-60 panel) would be sufficient to capture this heterogeneity \[[@b13-ijms-14-14669],[@b14-ijms-14-14669]\]. For CRC, the most popular tumor derived cell lines, carefully analyzed for the expression of EGFR and chemotherapy response towards treatment with a typical immunotoxin \[[@b13-ijms-14-14669]\], are represented by HT-29, HCT-116, SW-620, COLO205 and others \[[@b13-ijms-14-14669],[@b14-ijms-14-14669]\]. In a previous study, we developed a near infrared bio-imaging approach of CRC models using HT-29, HCT-116 cells which express relatively high level of EGFR and the SW-620 cell line with low levels of this receptor expression \[[@b8-ijms-14-14669]\]. To further establish this bio-imaging approach we focused in the present study on the cell line COLO205 which expresses low levels of EGFR and compared it to the human epithelial squamous carcinoma A431 cell line expressing high levels of EGFR as well as clinical samples, taken during tumor resection of colon cancer and normal colon tissues with heterogeneous expression of EGFR.

Therefore, the aim of the present study was to further extend and validate the proof of the concept that an EGF derived NIR diagnostic platform, could aid in determining the nature of preclinical CRC cell models and clinical tissues using NIR imaging.

We show that NIR images, intensity and the time dependence of dynamic NIR bio-imaging, could be used to characterize the level of EGFR expression in the COLO205 focal cell line model, in mice with orthotopic A431 tumors and in human CRC biopsies. This technology might be promising in approaches directed for a correlation of EGFR levels with other cellular properties in CRC cell lines and with CRC clinical outcomes.

2. Results
==========

2.1. Validation of EGF-NIR Bio-Imaging Properties on A431 Carcinoma Cultures
----------------------------------------------------------------------------

Validation of EGF-NIR binding properties was performed using monolayers of A431 carcinoma cells expressing high levels of EGFR ([Figure 1](#f1-ijms-14-14669){ref-type="fig"}). In order to test EGF-NIR ligand-induced receptor internalization and cell surface binding, we compared NIR intensity signals of A431 cultures incubated with EGF-NIR in the presence or absence of different ligands at 37 °C ([Figure 1A](#f1-ijms-14-14669){ref-type="fig"}) and 4 °C ([Figure 1B](#f1-ijms-14-14669){ref-type="fig"}) conditions. The results show that binding of the EGF-NIR probe is specific and selective, resembling unmodified EGF, as evident from lack of competition with NRG1 and partial competition with EGF, TGF-α and Cetuximab, supporting our previous results with HT-29 CRC cell line \[[@b8-ijms-14-14669]\].

Since the distribution of EGFR in solid tumors is heterogeneous, we organized the carcinoma A431 cells in a focal configuration surrounded by non-transformed, rat small intestine epithelial IEC6 cells, as evident from the borderline between the A431 and IEC6 cells ([Figure 2A](#f2-ijms-14-14669){ref-type="fig"}). The Western blotting experiments demonstrate the high level of expression of EGFR in A431 cells compared to physiological levels expressed in IEC6 cells ([Figure 2A](#f2-ijms-14-14669){ref-type="fig"}-insert). Using this model, saturation ([Figure 2B](#f2-ijms-14-14669){ref-type="fig"}) and time-course ([Figure 2C](#f2-ijms-14-14669){ref-type="fig"}) binding experiments were performed. These experiments clearly indicate that the intensity of NIR signal (signal/background ratio) reflects the basic receptor binding properties: saturation upon the increase of ligand concentration and increased binding upon increasing duration of incubation. Based on these experiments, the optimal conditions for imaging with CRC derived COLO205 cells ([Figure 3](#f3-ijms-14-14669){ref-type="fig"}) were 20 min of incubation using 7 nM EGF-NIR. In another approach to demonstrate a direct relationship between EGFR levels, as detected by the NIR signal and EGF-NIR binding, we used small interference RNA (siRNA) in order to knock down EGFR expression in the cells. The efficiency of siRNA in decreasing EGFR mRNA levels was validated using RT-PCR and indicated a knock down of \~50%--70% (data not shown). EGFR protein levels, as evident from the EGF-NIR binding experiment, were reduced by \~80% (*p* \< 0.05) as compared to untreated controls and cultures transfected with scrambled siRNA ([Figure 2D](#f2-ijms-14-14669){ref-type="fig"}). Therefore, we conclude that the decrease in NIR intensity measured (decreased specific binding of EGF-NIR) reflects the reduced expression of EGFR, in accordance with a previous study \[[@b8-ijms-14-14669]\].

The results presented in [Figures 1](#f1-ijms-14-14669){ref-type="fig"} and [2](#f2-ijms-14-14669){ref-type="fig"} validate the utilization of EGF-NIR for NIR bio-imaging, as previously reported \[[@b9-ijms-14-14669],[@b10-ijms-14-14669]\].

2.2. NIR Bio-Imaging of EGF-NIR Binding to Preclinical Model of COLO205 Cultures
--------------------------------------------------------------------------------

Since EGFR-targeting therapies are currently in use for metastatic CRC \[[@b4-ijms-14-14669]\], *in vitro* CRC preclinical models may be considered for NIR bio-imaging. To achieve this goal, we organized the COLO205 cell culture on a focal model of 4 mm diameter. This model may be suitable for optical coherence tomography, a clinical method that uses a larger diameter (5 mm) fiberoptic probe adjunct to colposcopy, for NIR detection of cervical intraepithelial neoplasia grade 2 or higher \[[@b15-ijms-14-14669]\]. We utilized the COLO205 human CRC cell lines, which express moderate levels of EGFR, but higher levels compared to IEC6 cells \[[@b16-ijms-14-14669]\]. For validation purposes A431 cells, were placed in rings surrounded by IEC6 cells. These experiments measured EGF-NIR binding, as would be viewed through an endoscope, and estimated the ratio between the signal of a carcinoma culture (COLO205, A431) to background binding (IEC6), in order to optically distinguish between tumor and normal tissues. The typical experiments presented in [Figure 3](#f3-ijms-14-14669){ref-type="fig"} characterize saturation and kinetics of EGF-NIR binding to COLO205 and A431 cells. EGF-NIR saturated the receptors in both A431 cell cultures and in COLO205 cells; the maximal binding was at 30 min and thereafter decreased due to increased nonspecific binding to IEC6. The lower SBR in COLO205 compared to A431 in the different experiments is in direct correlation with the lower levels of EGFR in the cells ([Figure 3A](#f3-ijms-14-14669){ref-type="fig"}-insert). The SBR of EGF-NIR total binding to COLO205 cells was between 2 and 5 (4--5 fold lower then A431). The SBR values of nonspecific binding being 1, allowed calculations of specific binding at NIR intensity values of 1--4, which are in the sensitivity range of a NIR endoscope \[[@b17-ijms-14-14669]\]. Furthermore, we found a direct relationship between the SBR and the number of EGFR positive carcinoma cells in a heterogeneous culture containing both COLO205 and IEC6 cells ([Figure 4](#f4-ijms-14-14669){ref-type="fig"}).

These findings propose that the 4 mm diameter focal model may be suitable for use *in vitro*, with NIR micro endoscopes \[[@b18-ijms-14-14669]\], as the rigid Borescope with a 0 degree viewing angle and 1.5 mm outer diameter (Gradient Lens Corp., Rochester, NY, USA) commonly used for colonoscopies in clinical practice.

Adequate bowel preparation prior to colonic diagnostic procedures is essential to ensure proper visualization of the colon. Bowel preparation usually entails use of polyethylene glycol (PEG), sodium picosulphate or sodium phosphate (NaP), in combination with other prokinetics agents \[[@b19-ijms-14-14669]\]. However, after this intensive preparation the luminal side of the colon, the intestine is still covered with the cytoprotective mucin layer, which may interfere with the ability of EGF-NIR to diffuse and bind to EGFR. To address this issue, we investigated the binding of EGF-NIR to a focal model, and a typical experiment investigating the effect of mucin on EGF-NIR binding is presented in [Figure 5](#f5-ijms-14-14669){ref-type="fig"}.

The results clearly indicate that the specific binding of EGF-NIR to both A431 and COLO205 cultures was slightly increased in the presence of 1% mucin and significantly decrease at 3% mucin. The physiological levels of mucin covering the luminal side of the colon are estimated to be in the range of 1--2 g/mL (0.1%--0.2%) \[[@b20-ijms-14-14669]\]. Therefore the inhibitory effect of 3% mucin is not in the physiological range and the mucin is not expected to represent a significant barrier for the binding of EGF-NIR.

2.3. NIR Bio-Imaging of EGF-NIR Binding to Orthotopic A431 Tumors in Mice
-------------------------------------------------------------------------

To confirm the suitability of EGF-NIR for *in vivo* NIR bio-imaging, orthotopic A431 tumors in nude mice were employed ([Figure 6A,B](#f6-ijms-14-14669){ref-type="fig"}). Three weeks after injection of A431 cell suspension into the mucosa, mice with visible tumors in the anal area ([Figure 6B](#f6-ijms-14-14669){ref-type="fig"}) were submitted for NIR bio-imaging. To confirm the expression of EGFR in tumors, western blotting analysis of dissected tumors was performed ([Figure 6B](#f6-ijms-14-14669){ref-type="fig"}). [Figure 6A,B](#f6-ijms-14-14669){ref-type="fig"} presents typical NIR fluorescence images of mice bearing EGFR positive tumors 4, 24 and 48 h after *i.v.* injection of 1 nmol EGF-NIR, an optimal dose which affords a high SBR, clearance and imaging results \[[@b9-ijms-14-14669]\]. The control groups were injected with 1 nmol unconjugated IRDye800CW or left untreated. In the first four hours the animal injected with the imaging agent or dye show a very strong whole body fluorescence signal. After 24 h, about 80% of the fluorescence signal cleared, and after 48 h the signal intensity fell to background level, except in tissues expressing EGFR tumor, bladder and liver.

Quantitative two-dimensional surface measurements of SBRs 4, 24 and 48 h after EGF-NIR injection are plotted in [Figure 6B](#f6-ijms-14-14669){ref-type="fig"}. Each pixel (mm^2^) taken from the tumor and liver regions of interest (ROI) was compared to an identical area on the flank region (adjacent muscle). It is evident that after 24 h EGF-NIR specifically and significantly accumulated in the tumor, providing SBR value of approximately 4. This value is further increased at 48 h. In the liver, a tissue highly abundant in EGFR \[[@b21-ijms-14-14669]\], a significant accumulation was observed after 48 h. We assume that the fast accumulation of EGF-NIR at 24 h reflects the very high levels of EGFR in the tumors. Estimations using macroscopic three-dimensional NIR imaging of harvested organs and urine, were performed 48 h after injection ([Figure 6C](#f6-ijms-14-14669){ref-type="fig"}). Urine showed a strong fluorescent NIR signal, since EGF is known to be excreted unmodified into the urine \[[@b22-ijms-14-14669]\]. The liver strongly exceeded SBR NIR fluorescence compared to the tumor ([Figure 6C](#f6-ijms-14-14669){ref-type="fig"}). SBR of the isolated tumor compared to muscle tissue, was 37 ± 7.4, while the two dimensional SBR measurements of the whole animals was 4.8 ± 0.6. NIR bio-imaging of isolated organs is more sensitive than the non-invasive imaging of the organs scanning the whole animals, due to close proximity with the NIR imaging device and lack of absorbance and scattering of the NIR fluorescence by the animal tissues \[[@b9-ijms-14-14669]\]. A spectral intensity map of the A431 tumor is presented in [Figure 6C](#f6-ijms-14-14669){ref-type="fig"}-upper part, indicating distinct areas expressing high levels of EGFR, which resemble CRC tumors.

2.4. Specificity of ex Vivo Bio-Imaging of EGF-NIR to Human CRC Biopsies
------------------------------------------------------------------------

[Figure 7](#f7-ijms-14-14669){ref-type="fig"} presents *ex vivo* NIR bio-imaging of a relative large cohort of human CRC biopsies, performed with EGF-NIR. The binding experiments were conducted using tumor tissues slices identified by pathology examination as EGFR positive and slices of adjacent normal colonic mucosa tissues, located close to the tumor that were identified as EGFR negative. All slices were analyzed by Western blotting for EGFR protein expression levels ([Figure 7](#f7-ijms-14-14669){ref-type="fig"}---middle insert). The spectral maps of a typical slice incubated with either EGF-NIR (total binding), IRDye800CW (nonspecific absorption) or background fluorescence, are presented in the upper part of [Figure 7](#f7-ijms-14-14669){ref-type="fig"}. It is evident that the slices express little background fluorescence, IRDye800CW binding provides nonspecific absorption while EGF-NIR binding results in strong green fluorescence or a high intensity derived signal in brown, indicating a very high level of binding to the receptors. SBR quantitation between EGF-NIR and IRDye800CW NIR signals tested using CRC tissues that were found positive for EGFR (CRC biopsy EGFR+), reached high levels between 3 and 4. In the adjacent colon samples, the SBR between EGF-NIR and IRDye800CW was approximately 1. The higher mean value of the NIR signal in the CRC biopsy EGFR+ compared to the adjacent colon, strongly suggests that it is possible to generate a strong NIR fluorescence signal to detect EGFR positive CRC tumors. This could be utilized clinically using a NIR endoscope, as previously documented with an anti-human carcinoembryonic antigen (CEA) antibody labeled with indocyanine green (ICG) NIR dye \[[@b23-ijms-14-14669]\].

3. Discussion
=============

Colonoscopy followed by a biopsy and histopathological examination is the accepted gold standard for the diagnosis of CRC neoplastic lesions. Detection of adenomatous polyps is of utmost importance since the endoscopic resection of these neoplastic lesions have been shown to effectively prevent CRC \[[@b22-ijms-14-14669]\]. Endoscopic assessment of colonic lesions or polyps is currently performed using endoscopal fiberoptic examination in the visible light spectrum. In cases of suspected flat polyps or areas of dysplasia in inflamed colonic tissue, fiberoptic colonoscopy is performed in conjunction with indigo carmine chromoscopy, to enhance mucosal contrast \[[@b24-ijms-14-14669]\]. However, several clinical randomized control studies indicate variability in the sensitivity and specificity of the chromoscopic methods \[[@b25-ijms-14-14669],[@b26-ijms-14-14669]\]. In recent years, NIR dyes were applied for bio-imaging of tumors in laboratory rodents and for imaging of superficial lesions such as axillary lymph nodes in humans \[[@b27-ijms-14-14669],[@b28-ijms-14-14669]\]. Instruments, such as Zeiss Pentero, are currently available and several more are under development for clinical human imaging, therefore enabling bio-imaging of CRC tumors biomarkers with ligands labeled with NIR dyes or nanoparticles designed for bio-imaging \[[@b29-ijms-14-14669]\].

We recently performed a study using the EGF-NIR bio-imaging agent prepared as described by Kovar *et al.*, evaluating its pharmacological properties for recognition of EGFR biomarkers in HT-29 CRC preclinical models \[[@b8-ijms-14-14669]\]. In this present study, we further validate and extend the application of bio-imaging with the EGF-NIR platform to a new experimental model of CRC COLO205 cells compared to vulvar epithelium carcinoma A431 cells. Although, these two cell lines express low and high levels of EGFR expression, respectively, it was found that EGF-NIR binding and internalization was specifically and selectively visualized, independent of EGFR levels. The NIR fluorescent signal was proportional to the level of EGFR as indicated in binding experiments with cells expressing either low levels of EGFR, or in which EGFR was knocked down with siRNA. The EGF-NIR, rapidly (15--30 min) saturated (10 nM) the EGFR in COLO205 and A431 focal models as previously documented with HT-29 CRC cells \[[@b8-ijms-14-14669]\]. It is important to stress that although HT-29 and COLO205 cells are popular in cancer research, in addition to their different EGFR expression, they also are heterogeneous in a variety of other cellular properties. COLO205 and HT-29 cells differ in their: cellular migration and metastatic abilities mediated by cyclooxygenase-2 \[[@b30-ijms-14-14669],[@b31-ijms-14-14669]\]; proliferation response to insulin like growth factor \[[@b32-ijms-14-14669]\]; sensitivity towards photosensitizers \[[@b33-ijms-14-14669]\]; relative expression of glycosphingolipids tumor markers \[[@b34-ijms-14-14669]\]; response to immunotoxins directed for glycosphingolipids antigens \[[@b35-ijms-14-14669]\]; gene expression response to tyrosine kinase inhibitor \[[@b36-ijms-14-14669],[@b37-ijms-14-14669]\] and non-steroidal anti-inflammatory drugs \[[@b38-ijms-14-14669]\]; antitumor activities of different cytotoxic agents \[[@b39-ijms-14-14669]\]; polymorphism of angiogenic factor receptors \[[@b40-ijms-14-14669]\]; expression of different tumorigenic markers \[[@b41-ijms-14-14669]\]; and many other properties. It will be important in future studies to address the relationship between low EGFR expression and the above different biological properties of these CRC derived tumor cell lines. EGF-NIR will clearly be an important tool to be considered for cell bio-imaging in addition to conventional western blotting and immunohistochemistry approaches. Present results on bio-imaging of EGFR with EGF-NIR in COLO205 further extend the applicability of this probe for estimation of the level of EGFR in CRC derived cell lines and are in accordance with a previous study in which cytotoxicity of EGFR-targeted immunoliposomes mediated specific and efficient drug delivery according to EGFR expression levels in COLO205 and HT-25 CRC and other cell lines \[[@b42-ijms-14-14669]\].

A novel aspect addressed in the present study relates to the effect of mucin on the ability of EGF-NIR to visualize EGFR expression. For this purpose we investigated the effect of a high (3%) and low (1%) concentration of mucin on EGF-NIR binding to A431 cells, expressing high level of EGFR and COLO205 cells expressing low level of EGFR and which are also characterized by their ability to highly synthesize and secrete mucin and mucin like molecules \[[@b43-ijms-14-14669]\]. Present results clearly indicate that in the presence of 1% mucin, EGF-NIR binding generated a high SBR, indicating that endoscopy evaluation with EGF-NIR may not be affected by residual mucin level on the intima of the intestine after bowel preparation.

Tissue localization of EGFR was analyzed using whole body NIR images of mice bearing A431 EGFR positive orthotopic tumors. Selective accumulation of EGF-NIR was measured 24 and 48 h after its injection, in the tumors as well as in EGFR positive organs, such as the liver. Quantization of EGF-NIR in tumors, normalized to skeletal muscle and compared to its level in the liver, indicated a faster accumulation of the agent in the tumor, compared to liver, suggestive of a specific EGFR mediated process. We calculated in the animal experiments and isolated tumor high SBRs of 4.8 ± 0.6 and 37 ± 7.4 for EGF-NIR binding, respectively. These values propose EGF-NIR as a suitable imaging agent for carcinoma visualization using NIR endoscopy, in which high SBRs are required. These findings are also reminiscent of pharmacokinetic experiments in which distribution of EGF conjugated to Cy5.5 fluorophore was measured in mice with breast cancer xenografts \[[@b21-ijms-14-14669]\], with experiments of confocal endomicroscopy targeting EGFR with fluorescently labeled antibodies \[[@b44-ijms-14-14669]\] and with our previous study using HT-29 orthotopic tumors visualized with EGF-NIR \[[@b8-ijms-14-14669]\].

We further extended the utility of EGF-NIR for NIR imaging *ex vivo* using a larger cohort of human CRC biopsies. We demonstrated its binding to EGFR positive CRC biopsies but not EGFR negative adjacent colon tissue, as previously reported using EGF-NIR \[[@b8-ijms-14-14669]\] or FITC-labeled anti-EGFR antibody \[[@b17-ijms-14-14669]\]. The high spots of EGFR expression visualized in the different EGFR positive biopsies ([Figure 7](#f7-ijms-14-14669){ref-type="fig"}-insert) reflect the heterogeneous expression of the CRC tumor as previously reported \[[@b8-ijms-14-14669]\]. Tumors are complex tissues that are characterized by profound spatial and temporal heterogeneity. Bio-imaging is central to their investigation because it can non-destructively and longitudinally characterize spatial variations in the tumor phenotype so that the system dynamics over time can be captured quantitatively \[[@b45-ijms-14-14669]\] as demonstrated in the present study with EGF-NIR kinetics in cultures and orthotopic tumors. Present findings suggest that EGF-NIR may be a suitable platform technology for visualization of EGFR at different levels of expression in human biopsies of CRC tumors, complementary to the gold standard techniques of RT-PCR for EGFR mRNA quantification \[[@b46-ijms-14-14669]\], *ex vivo* hybridization \[[@b47-ijms-14-14669]\] and EGFR immunohistochemistry \[[@b26-ijms-14-14669]\].

In conclusion, the EGF-NIR probe could be utilized for visualization of EGFR in the NCI-60 panel of tumor derived cell lines, and to complement other means of detection of adenomatous polyps and EGFR-expressing tumors in a clinical settings, either *ex vivo* or alternatively *in vivo*, with the aid of a suitable NIR endoscope. Additionally, the EGF-NIR probe may aid in selection of patients suitable for EGFR targeted therapy and in monitoring the therapeutic efficacy of anti-EGFR biological treatment.

4. Experimental Section
=======================

4.1. Cell Culture
-----------------

Human colon carcinoma COLO205 and human epithelial squamous carcinoma A431 cell lines expressing high level of EGFR, and rat epithelial cell clone IEC6 with physiological levels of EGFR, were purchased from American Type Culture Collection (Manassas, VA, USA) and adjusted for growth in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum, 2 mM L-glutamine, 10,000 U/mL penicillin and 100 μg/mL streptomycin. The cells were grown at 37 °C and 6% CO~2~ in a humidified incubator.

4.2. NIR Bio-Imaging of Monolayers of A431 Cells
------------------------------------------------

A431 cells were plated at a density of 150,000 cells per well in 12 well tissue culture plates (Nunc, Rochester, NY, USA), generating a homogenous cell monolayer. In order to measure total binding, the culture medium was replaced with fresh medium containing 7 nM EGF-NIR (LI-COR Biosciences, Lincoln, NE, USA), for 15 min at 4 °C or 37 °C. Thereafter the cultures were washed three times with 1 mL phosphate buffered saline (PBS) and cell associated NIR intensity was estimated. In order to evaluate the nonspecific binding, sister cultures were incubated with the same concentration of EGF-NIR, in the presence of excess EGF of 100 nM. Specific binding by EGF-NIR imaging is defined as the difference between the NIR intensity of total binding and of nonspecific binding. Competition experiments with 500 nM of either Cetuximab, TGF-α or NRG1 were performed by concomitant incubation with EGF-NIR. The results are presented as the mean ± SD of at least three independent experiments (*n* = 9).

4.3. Preparation and NIR Bio-Imaging of Cells Organized in a Focal Model
------------------------------------------------------------------------

In order to mimic a defined neoplastic CRC lesion surrounded by normal mucosa \[[@b16-ijms-14-14669]\] and to enable direct measurements of SBR in the same experiment, a focal cell culture approach was used. 15 × 10^3^ A431 or COLO205 were confluently plated to two different 4 mm diameter cloning rings (Sigma-Aldrich, St. Louis, MO, USA). Cells were left to adhere for 2 h in an incubator, generating a polyp like area. Thereafter, 15 × 10^3^ IEC6 were plated in the cell-free area surrounding the cloning rings and left to adhere for 2 h at the same conditions generating a normal mucosa like area. At the end of the cell adherence step, the cloning rings were removed and the cells were washed with culture medium. Two days after generating the model, the cultures were subjected to binding and NIR imaging experiments as previously described \[[@b16-ijms-14-14669]\]. SBR values indicate the ratio between the NIR fluorescent signal of the focal area (A431 or COLO205) and the NIR fluorescent signal of the outside area (IEC6).

4.4. NIR Bio-Imaging of Mucin Effect on EGF-NIR Binding
-------------------------------------------------------

Mucin effect on EGF-NIR binding was examined on a focal cell culture approach. 10 nM EGF-NIR was incubated for 15 min at 37 °C with the cultures pretreated with either 1% or 3% mucin, in the presence or absence of 100 nM unlabeled EGF. SBR values indicate the ratio between the NIR fluorescent signal of the focal area (A431 or COLO205) and the NIR fluorescent signal of the outside area (IEC6).

4.5. Western Blotting of EGFR
-----------------------------

The levels of EGFR in cell cultures were estimated upon extraction with cell lysis buffer (Cell Signaling Technology, Inc. Danvers, MA, USA). 50 μg protein lysates were separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. Immunodetection was performed with monoclonal anti-EGFR antibody (Cell Signaling Technology, Inc. Danvers, MA, USA) followed by horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA, USA) and developed with ECL (Pierce, Rockford, IL, USA) \[[@b8-ijms-14-14669]\].

4.6. EGFR siRNA Silencing
-------------------------

To knock down EGFR, the standard amine transfection agent protocol of Ambion (Applied Biosystem, Austin, TX, USA) was followed. 5 nM of 21 mer anti-EGFR Silencer select siRNAs and scrambled siRNA were reverse transfected into A431 cell cultures using siPORTNeoFX transfection agent according to manufacturer protocol. The cells were applied on 12 well plates at a density of 80,000 cells/mL and were analyzed 3 days after transfections. Knock down of EGFR mRNA was confirmed by RT-PCR and evaluation of EGFR expression was performed by *in vitro* NIR imaging \[[@b8-ijms-14-14669]\].

4.7. Preparation of Orthotopic Tumors Mice Model and NIR Bio-Imaging
--------------------------------------------------------------------

Since orthotopic CRC tumors in mice models is challenging and not yet reported for the purpose of NIR imaging of A431 tumor in an epithelial mucosa tissue, we took advantage of a colorectal orthotopic A431 model. Briefly, male Balb/c nude (Harlan, Jerusalem, Israel) mice used in these experiments were maintained under the supervision and guidelines of The Chaim Sheba Medical Center Animal Committee. A431 cells were trypsinized, washed and resuspended at a concentration of 1 × 10^7^ cells/mL in PBS. For tumor implantation, mice were anesthetized by intra-peritoneal injection of a ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture. Trans-anal injection of 1 × 10^6^ A431 cells was performed under microscope magnification (40×) using a 27 g needle. The injection was directed submucosally into the distal, posterior rectum, approximately 2--3 mm beyond the anal canal and into the rectal mucosa \[[@b48-ijms-14-14669]\]. Mice were monitored two times weekly for tumor initiation and progression. Tumors reached a size of approximately 0.75 cm within 3--4 weeks.

*In vivo* NIR bio-imaging was performed at intervals of 1--8 h over a period of three days, using the LI-COR Biosciences small-animal imager Odyssey MousePOD^®^. During this procedure, all mice were starved overnight and anesthetized by intra-peritoneal injection of a ketamine (100 mg/kg) and xylazine (20 mg/kg) mixture. Mice were injected via the tail vein with either 1 nmol EGF-NIR (*n* = 5) or 1 nmol NIR-Dye (*n* = 3) or 0.9% saline (untreated, *n* = 3). Statistical analysis of the images for each mouse was normalized using the same intensity scales, under the conditions previously described. SBR was calculated using the following formula: SBR = (Mean NIR intensity of the tumor)/(Mean NIR intensity of adjacent muscle background). Regions of interest (ROI) with identical areas were used for both tumor and background. The standard deviation of mean backgrounds was calculated using 10--20 ROIs. Due to differences of tumor size among the animals receiving EGF-NIR, tumor signal was divided by a background signal of a similar size ROI. Two days post injection, tumors, skeletal muscle and liver tissues of euthanized mice were dissected and their urine samples were collected. The tissues were weighed, introduced into Ependorff plastic tubes and scanned on an Odyssey^®^ Infrared Imager. Isolated tissue SBR was generated by comparing the tissue accumulated EGF-NIR fluorescence signals to those of the adjacent muscle. The NIR imaging was estimated as described for cultures. Tumors images were processed by high resolution imaging \[[@b8-ijms-14-14669]\] using applied spectral imaging software, Spectral ViewTM (ASI, Migdal Ha'Emek, Israel).

4.8. Human CRC Biopsies NIR Bio-Imaging
---------------------------------------

Patients with histologically confirmed primary adenocarcinoma of the colon were offered participation in the study. The study protocol was approved by the Institutional Review Board (IRB, Helsinki Committee) of Hadassah-Hebrew University Medical Center. All samples were obtained from consenting study subjects undergoing surgical tumor resection who signed a written informed consent. All specimens underwent routine macroscopic and microscopic analysis by a board certified pathologist according to the College of American Pathologists (CAP) guidelines of histopathology reporting ([www.cap.org](www.cap.org)). Tissues identified by the study pathologist as colonic adenocarcinoma and adjacent normal tissues were then used for NIR bio-imaging. Fresh biopsies or adjacent normal colon tissues were divided in horizontal slices and incubated in ice-cold DMEM binding solution saturated with 95% O~2~ and 5% CO~2~\[[@b8-ijms-14-14669]\]. The plates were maintained on ice for 45 min duration in DMEM and the binding experiment was performed by adding 70 nM EGF-NIR. The binding experiment was terminated by washing the tissue three times with cold PBS. Over a two year period 43 CRC biopsies and 23 adjacent colon tissue samples were evaluated. ROIs of identical size were used for the different experimental groups. The means and standard deviations of NIR intensity (arbitrary fluorescent units/mm^2^ area) were calculated using 10 ROIs in each individual slice. Each slice submitted for the EGF-NIR binding experiment was also evaluated after the imaging for EGFR expression by western blotting. The data achieved was categorized according to EGFR positive CRC biopsies, and adjacent colon tissues that were EGFR negative \[[@b8-ijms-14-14669]\].

4.9. Statistics
---------------

All results are presented as the mean ± SD of large series of independent experiments using different batches of EGF, cells and mice tissues. All data was evaluated using the InStat3 statistics program (GraphPad, La Jolla, CA, USA). Statistically significant differences between experimental groups were determined by analysis of variance (ANOVA) with Bonferroni post-hoc test and considered significant when *p* \< 0.05.

5. Conclusions
==============

Our present study demonstrates the potential benefits of NIR optical imaging for CRC preclinical models and for clinical applications. Molecular imaging of EGFR using the EGF-NIR probe provides a potent, highly selective, non-invasive tool for the detection and characterization of EGFR-expressing tumors to be evaluated by either NIR endoscopes, scanners or other NIR modalities. This platform technology may complement immunohistochemistry, RT-PCR and other technologies, in measuring EGFR protein level in order to identify patients who are likely to benefit from anti-EGFR monoclonal antibody therapy.
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![Specificity and selectivity of EGF-NIR probe measured by NIR bio-imaging of A431 cells; Monolayer of A431 cultures were incubated for 15 min at 4 °C (**A**) and 37 °C (**B**) with 7 nM EGF-NIR in the presence or absence of 100 nM unmodified EGF. Competition experiments with 500 nM of Cetuximab, TGF-α or NRG1 were also conducted. Nonspecific labeling of the cells was evaluated by incubating the cultures with 7 nM IRDye800CW. The NIR intensity was estimated (mean ± SD, *n* = 9) at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 1; Upper inserts: NIR scans; lower inserts: phase-contrast photomicrographs of the cultures, **\****p* \< 0.05 *vs.* IRDye800CW, **\*\****p* \< 0.05 *vs.* EGF-NIR.](ijms-14-14669f1){#f1-ijms-14-14669}

![NIR bio-imaging of EGFR expression level in a focal model of A431 cells. (**A**) Left: CRC polyp scheme displaying high spots of transformed CRC cells (focal distribution); Right: focal plating (in a ring) of A431 monolayer surrounded by IEC6 enterocytes monolayer; Insert: Western blotting of EGFR protein in equal amounts of cell protein extract; (**B**) The relationship between the signal/background ratio (mean ± SD, *n* = 9) and EGF-NIR concentration. Insert: NIR scans; **\****p* \< 0.05 *vs.* 0.007 nM; (**C**) The kinetics of 7 nM EGF-NIR binding to the cell cultures (mean ± SD, *n* = 9); Insert: NIR scans; **\****p* \< 0.05 *vs.* 0 min; (**D**) siRNA induced knock down of EGFR measured by EGF-NIR bio-imaging. Homogenous monolayer cultures of A431 cells were transfected for 2 days with 5 nM anti EGFR Silencer select siRNA, or scrambled siRNA, or left untreated (control). Thereafter, EGFR expression was evaluated by NIR bio-imaging after incubating the cells with 7 nM EGF-NIR. The NIR imaging was estimated at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 1; **\****p* \< 0.05 *vs.* scrambled or control.](ijms-14-14669f2){#f2-ijms-14-14669}

###### 

Saturation (**A**) and kinetics (**B**) of EGF-NIR binding to COLO205 CRC cells measured by NIR bio-imaging. Focal models of A431 (white bars) and COLO205 (black bars) cells were generated using the same plate, surrounded by IEC6 cells. The signal (CRC cell line) to background (IEC6) ratio was estimated at identical conditions for all cultures (mean ± SD, *n* = 9); The NIR imaging was estimated at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 1; (**A**) The cultures were incubated for 20 min at 37 °C with different concentration of EGF-NIR; Significance: **\****p* \< 0.05 *vs.* EGF-NIR value of 0.01 nM; Inserts: NIR scans; Upper insert: level of EGFR measured by Western blotting and focal organization of the cells; (**B**) The cultures were incubated for different periods of time at 37 °C with 7 nM EGF-NIR; **\****p* \< 0.05 *vs.* scrambled or control; Significance: **\****p* \< 0.05 *vs.* EGF-NIR value at time 1 min.
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![The relationship between NIR intensity and the number of EGFR positive carcinoma cells (COLO205) in a heterogeneous mixture with non-transformed cells (IEC6). 20 nM EGF-NIR was incubated for 20 min at 37 °C with a heterogeneous culture of both COLO205 and IEC6 cells at different complementary ratios (mean ± SD, *n* = 9); The NIR intensity was estimated at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 1; **\****p* \< 0.05 *vs.* scrambled or control. Significance: **\****p* \< 0.05 *vs.* 0% COLO205 cells. Insert: NIR scans; Lower insert: a photograph of a calibration scale suitable for endoscope with a resolution of 1 pixel (1 mm^2^).](ijms-14-14669f4){#f4-ijms-14-14669}

![NIR bio-imaging of EGFR levels in focal cultures of A431/COLO205/IEC6 cells. 10 nM EGF-NIR was incubated for 15 min at 37 °C with the cultures pretreated with either 1% or 3% mucin, in the presence of 100 nM unlabeled EGF (+EGF) or in its absence (−EGF). SBR of specific binding was calculated for A431/IEC6 (white bars) and for COLO205/IEC6 (black bars). The upper inserts represent the cultures at the end of the experiment. Left focus---A431 cells; Right focus---COLO205 cells; NIR imaging was estimated (mean ± SD, *n* = 3) at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 1; **\****p* \< 0.05 *vs.* scrambled or control.](ijms-14-14669f5){#f5-ijms-14-14669}

![Whole body *in vivo* and isolated tissue *ex vivo* NIR bio-imaging of mice with A413 orthotopic tumors. (**A**) Time course of EGF-NIR accumulation in tissues of tumor bearing mice. The mice were injected intravenously with 1 nmol of EGF-NIR or IRDye800CW or left untreated (*n* = 3); (**B**) Tissue accumulation of EGF-NIR probes at 48 h; region of interest (ROI) marked with circles; Western blotting of tumor and A431 culture indicate EGFR expression; Right graphs: time course of EGF-NIR SBR in tumor and liver compared to skeletal muscle. Signal intensity at 800 nm was normalized to background fluorescence using an arbitrary tumor circle (ROI) compared to an identical area on the flank (adjacent muscle). Significance: **\****p* \< 0.05 compared to untreated; **\*\****p* \< 0.05 compared to mice injected with IRDye800CW; (**C**) EGF-NIR SBR in isolated tissue from the tumor-bearing mice 48 h after injection; (**D**) Upper three photos: NIR image, light micrograph and spectral intensity map of EGFR visualized by EGF-NIR (green and brown represent high levels of EGFR); NIR scanning of tissue samples in tubes, from mice 48 h after EGF-NIR injection. SBR between tissue of interest and skeletal muscle reflecting EGF-NIR distribution; NIR imaging was estimated at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 3; channels: 800 nm; intensity: 3; **\****p* \< 0.05 compared to muscle; **\*\****p* \< 0.05 compared to liver.](ijms-14-14669f6){#f6-ijms-14-14669}

![Bio-imaging of EGF-NIR binding to CRC tissues expressing high levels of EGFR, compared with adjacent colon tissues negative for EGFR expression. Slices (*n* = 4) of the different tissues (*n* = 19) were submitted for *ex vivo* binding assay of 45 min at 37 °C with 70 nM EGF-NIR. In control experiments, background fluorescence was measured in untreated slices and nonspecific absorption was measured in slices treated with 70 nM IRDye800CW. The NIR intensity was estimated at identical conditions for all slices (*n* = 76); NIR imaging was estimated at the following conditions: resolution: 170--340 microns; pixel area: 0.03 mm^2^; quality: medium-low; focus offset: 1; channels: 800 nm; intensity: 3; Significance: **\****p* \< 0.01 compared to IRDye800CW; **\*\****p* \< 0.05 compared to CRC biopsy EGFR+. Upper inserts: NIR scans; Middle inserts: western blotting for EGFR.](ijms-14-14669f7){#f7-ijms-14-14669}
